Myeloma is a malignant proliferation of monoclonal plasma cells. Although morphologically similar, several subtypes of the disease have been identified at the genetic and molecular level. These genetic subtypes are associated with unique clinicopathological features and dissimilar outcome. At the top hierarchical level, myeloma can be divided into hyperdiploid and non-hyperdiploid subtypes. The latter is mainly composed of cases harboring IgH translocations, generally associated with more aggressive clinical features and shorter survival. The three main IgH translocations in myeloma are the t(11;14)(q13;q32), t(4;14)(p16;q32) and t(14;16)(q32;q23). Trisomies and a more indolent form of the disease characterize hyperdiploid myeloma. A number of genetic progression factors have been identified including deletions of chromosomes 13 and 17 and abnormalities of chromosome 1 (1p deletion and 1q amplification). Other key drivers of cell survival and proliferation have also been identified such as nuclear factor-B-activating mutations and other deregulation factors for the cyclin-dependent pathways regulators. Further understanding of the biological subtypes of the disease has come from the application of novel techniques such as gene expression profiling and array-based comparative genomic hybridization. The combination of data arising from these studies and that previously elucidated through other mechanisms allows for most myeloma cases to be classified under one of several genetic subtypes. This paper proposes a framework for the classification of myeloma subtypes and provides recommendations for genetic testing. This group proposes that genetic testing needs to be incorporated into daily clinical practice and also as an essential component of all ongoing and future clinical trials.
Introduction
This paper is a first attempt at creating an international consensus classification of multiple myeloma (MM). Undoubtedly this paper will present a working classification for MM, and will be updated as additional information becomes available regarding the underlying biological and genetic composition of the disease. The goals of this paper are: (i) to provide a biological classification of MM based on known genetic subtypes with associated clinicopathological associations; (ii) to establish the prognostic value of known and new genetic factors for MM outcome, including the information generated through genomic tools; (iii) and lastly, to provide a framework for evaluation of new markers capable of serving as predictive for efficacy of novel therapeutics.
Multiple myeloma is a clonal late B-cell disorder in which malignant plasma cells (PCs) expand and accumulate in the bone marrow, leading to cytopenias, bone resorption and the production (in most cases) of the characteristic monoclonal protein. 1 MM is a heterogeneous disease with some patients dying within a few weeks of diagnosis, whereas others live for longer than 10 years. The reason for this heterogeneity is compound and involves interaction between host factors and features intrinsic to disease biology. It is increasingly evident that the underlying genetic features of the tumor cells largely dictate the clinical heterogeneity of MM. The advent of interphase molecular cytogenetics and genomics has unraveled a complexity hereto underappreciated for MM oncogenomics.
Throughout this paper we will review current knowledge regarding the effect those factors have in determining the likelihood of a better or worse outcome for patients with new diagnosis MM (prognosis). However, the validity of most prognostic factors has been tested predominantly in the new diagnosis setting, and little validation exists for the same factors in the case of relapsed and refractory disease. Moreover, the value of different prognostic factors possibly changes with advancing stages of the disease (that is, first relapse versus second and subsequent relapses). Biological factors that can predict outcome at diagnosis possibly will have much lessened effect when tested in patients receiving third-line chemotherapy.
For instance, although it is generally accepted that patients entered into clinical trials for relapsed/refractory disease carry the worst outcome, this is generally not true if one estimates survival since the time of diagnosis. Patients with the most dire host factors, or the most aggressive biological variants of MM, will not live for long enough to be enrolled in these types of clinical trials. Lastly, it is important to stress that different stages of clonal evolution can be categorized as all being 'new diagnosis MM.' Some patients with new diagnosis MM may be a slow progressive evolution from monoclonal gammopathy of undetermined significance (MGUS) (for example, evolving anemia over several months), whereas others may be associated with features of high clonal aggressiveness (for example, PC leukemia or extramedullary plasmacytomas) ( Figure 1 ). Although both can be clinically categorized as 'new diagnosis MM' they clearly present two different biological states of evolution of the monoclonal PCs.
The purpose of this proposed classification is not merely to provide prognostic estimates; the ability to accurately prognosticate is one of the several features to be discussed here. There may be subgroups of the disease that have no known or demonstrable prognostic associations, but are perceived at the biological level to be unique. These associations, though supporting unique biology, should not be considered prerequisite for creation of a biological subtype of the disease. Conversely, there may be biological factors or gene expression signatures capable of discerning prognosis, which may not yet be explained by unified biological concepts, but have the ability to discern patients with clearly dissimilar outcomes. In this paper, we will not attempt to discuss all available prognostic models for MM, but rather focus on the prognostic implications of the genetic derangements of MM and discuss the power of genomics to unravel the prognostic subcategories of the disease.
There are many reasons why an accurate prognostic determination is paramount for clinical practice and research (Table 1) . It allows the physician to engage in a more direct discussion with the patient regarding disease threat and likelihood of survival. This risk stratification also allows for a more rational selection and sequencing of therapy approaches. This prognostic classification is essential for better understanding the composition of patients entered into clinical trials, and also allows, albeit with the usual statistical limitations, cross comparison of different clinical trial populations. Indirectly, this prognostic classification can also provide relevance to new biological factors proposed as significant in disease pathogenesis (but, as will be shown below, biological factors that are considered crucial in the pathogenesis do not need to necessarily have prognostic associations).
Although undoubtedly a large fraction of disease heterogeneity can be determined by the genetic subtypes of MM, 2,3 an important component in determining outcome is related to host features. The contribution of these factors will not be discussed
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Progression factors p53 deletion, NF-κB b c Figure 1 Relationship between clonal evolution of plasma cells and time of diagnosis. The picture depicts the biology and genetic heterogeneity of patients with a clinical diagnosis of 'new diagnosis myeloma.' In some cases (a) the situation involves a slow progression from MGUS with gradual development of mild anemia, incipient evidence of bone disease and slowly emerging need for treatment. In some other individuals (b) myeloma presents with frank clinical features of aggressive disease (for example, bone lesions, anemia and other). Furthermore, in some individuals (c) the disease presents with very aggressive features, including extramedullary disease, multiple plasmacytomas and other complicating features. In these three scenarios the clinical diagnosis is of 'new diagnosis myeloma', yet the biological and genetic features are quiet different. 2, 3 It has been recently shown that, despite being enriched for higher-risk genetic subtypes, younger patients live longer, presumptively as a consequence of their ability to better tolerate treatment. 4 With passage of time it is also likely that progression (also called secondary events) have important roles in determining the fate of patients.
Classification of MM
Multiple myeloma is not one disease but rather many, with each one of the subtypes largely defined by the specific genetic and cytogenetic aberrations. 2, 3, [5] [6] [7] These groups can now be considered unique entities and unlikely to lose their classification status over time. Linked to these groups are others that may depict only a small fraction of cases, and for whom there is no known prognostic implications. These subgroups will be shown in association with the larger ones, but highlighted as still under study and subject to further classification. As we have previously proposed, classifications can be proposed at three levels.
Biological genetic classification
This classification scheme is mostly driven by biology-based considerations. Usually, the groups created will have unique clinical and prognostic implications, but this is not a prerequisite. Classic examples of this include the hyperdiploid versus non-hyperdiploid classification, specific chromosome translocations, and so on. [8] [9] [10] Assuming that no changes in the etiology of the disease occur over time, similar proportion of patients with the different subtypes will be diagnosed in future years. Ethnicity or age may result in different prevalence of these primary genetic subtypes, but for the most part the distributions within one of those groups should remain similar. This classification can be considered as enduring, as the biological basis for its classification will be more stable and less likely to evolve. The subgroups will be defined primordially by a primary genetic abnormality that will be associated with a constellation of other genetic changes associated with clone progression and evolution. The ultimate application of a predictive classification would be on the basis of the development of targeted therapies against these primary genetic changes, such as is possible for bcr-abl inhibition of chronic myeloid leukemia cells with imatinib. Such therapies do not yet exist for MM.
Prognostic classification
A prognostics classification incorporates classifiers capable of discriminating outcome of patients, and usually, albeit with dissimilar penetrance, in groups of patients treated with multiple treatment modalities 3, 6, 7 (Table 2 ). In addition, factors capable of serving as prognostic determinants will usually be associated with baseline clinicopathological features of disease aggressiveness (such as high b 2 -microglobulin, high proliferation rates, extramedullary disease, hypercalcemia, elevated lactate dehydrogenase and so forth). As an example, the t(4;14)(p16;q32) has always been associated with more aggressive disease at baseline, and in the series of patients treated with conventional or high-dose chemotherapy, it discerns patients with shortened survival. 3, 6, 7, 11, 12 Recently it has been shown that the prognostic significance of t(4;14)(p16;q32) may be ameliorated or eliminated in patients treated with bortezomibbased combinations. 13, 14 It is also postulated that refinements of classifications beyond those carried out merely by t(4;14) (p16;q32) using other genomic tools gene expression profiling (GEP) (Tables 3 and 4) or clinical parameters (for example, b 2 -microglobulin) may modulate the prognostic significance of the abnormality. 6, 15 These considerations will be discussed in greater detail under the t(4;14)(p16;q32) heading.
Predictive classification
Accurate predictive classifications for MM do not yet exist and will not be discussed in further detail in this paper. Although dissimilar outcomes can be associated with the utilization of some of the aforementioned, a predictive factor should be able to discriminate with great accuracy the clinical benefit of a specific therapy intervention. The value of such factors should be such that it allows selection and elimination of therapies for subgroups of patients. For instance, if we had an effective inhibitor of a cyclin D gene that only worked against a certain subtype of the disease (those expressing this cyclin D gene), the predictive marker would be clearly useful. The treatment would only be given to patients with this abnormality and not to those without it, perhaps even if no other treatments were available. Another situation may arise in which subsets of MM cases (coming from the many genetic subtypes) depend on a specific growth factor (for example, interleukin-6 or hepatocyte growth factor) and for which a specific intervention may be beneficial (but not for cases without these abnormalities). Interestingly, the presence or lack of dependency on these growth factors could confer no specific prognostic associations and not be dictated by the major biological or prognostic classification, and yet be a very useful predictive classifier.
Although most therapeutics available against MM target specific vulnerabilities of the cells, most are not based on the targeting of specific genetic markers of subsets of the disease, or targeting abnormal pathways in subsets of patients. When such therapies become available the emergence of correct prediction will be paramount for proper selection of treatments. A classic example would be the use of endocrine-based therapies for receptor-positive breast cancer or the use of trastuzomab against HER-2-neu breast cancer. Some clinical trials in MM are underway or have been completed using therapies that target specific pathways known to be activated by identifiable genetic derangements. The first example was the phase 1 trial of TKI-258, an fibroblast growth factor 3 (FGFR3) inhibitor. 16 If such therapy would become of clinical use, then it would most likely be indicated only for cases of t(4;14)(p16;q32) MM. The parallel development of biomarkers capable of enriching groups of Yet only a fraction of cases exhibit responses to single agents, suggesting that subgroups of MM may be more or less responsive to specific therapies. The group from the University of Arkansas has been developing assays, using GEP, to predict patients who are likely to derive benefit from bortezomib early in the course of therapy, and are able to identify patterns associated with disease responsiveness (after drug administration). 17 In another example, our group has made the first observation that patients with relapsed and regractory (RR) MM with non-canonical nuclear factor kappa B (NF-kB) activation seem to have heightened susceptibility to bortezomib treatment (before drug administration). 18 Although this observation is preliminary and needs validation, it also suggests that the identification of patients likely to benefit from bortezomib is possible. A minority of cases exhibits long-lasting disease control and remission with minimal toxicity. The identification of this subset of the disease should be a top priority of ongoing research, given the long duration of clinical benefit for patients who still have many other treatment options available in the future, including HDT and bortezomib.
SPOTLIGHT
Lastly, the difficulty in creating clinical applications of predictive factors in MM is likely to be challenging, unless the observations are so absolute that they clearly show no or minimal likelihood of response to a specific treatment. Given that many MM patients will commonly receive three or more lines of treatment, it may be that predictive schemes may help in selecting the sequence of treatments to be administered, more than providing data to make decisions about the use (or not) of a specific therapy. For example, if a marker shows that certain subsets of patients have a likelihood of response to bortezomib of only 15%, although those without the marker have a response rate of 70%, should we withhold therapy for those in the former group if no other options exist? Probably not, and thus one may only want to use either bortezomib as the last option or as part of a combination that can elicit added value to early introduction of bortezomib. Furthermore, the predictive value will be specific to the treatments as used in the clinic, distinguishing the use of single agents versus those same agents in combination. Clinically, it is well known that a patient who has failed an Immunomodulatory drug (IMiD) and who has also failed treatment with bortezomib may respond to both when given in combination.
Biological genetic classification
Primary genetic events
A biological classification of MM is unlikely to change dramatically, given the current knowledge of disease pathogenesis 19 (Tables 3 and 4) .
Hyperdiploid and nh-MM
Overall MM is broadly divided at the top level into two major categories, hyperdiploid MM (h-MM) (harboring numerous chromosomal trisomies and a low prevalence of IgH translocations) and non-hyperdiploid MM (nh-MM) (encompassing hypodiploid, pseudodiploid and near tetraploid MM, and highly enriched for IgH translocations). 8, 9, 20 The dichotomy has been validated in multiple series and is observed when patients are studied through karyotypes, interphase fluorescent in situ hybridization (FISH) or other genomic tools. The ploidy categories are stable over time such that patients with h-MM will usually remain hyperdiploid over the course of the disease. 21 The dichotomy into hyperdiploidy has not been documented by at least two groups at the stage of MGUS, indicating that two fundamentally different pathogenesis pathways exist for MM, h-MM and nh-MM. 22, 23 It should be noted that although hyperdiploidy is mainly a feature of h-MM, and is predominant in cases with multiple trisomies and no IgH SPOTLIGHT Table 3 Comparison between TC and UAMS GEP-derived classification (major subtypes) 24 The broad classification of the disease does not have major implications at the clinical level. However, patients with h-MM have a tendency towards a more favorable outcome and more commonly are elderly individuals, slightly more common among males, and have a higher incidence of MM bone disease. A recent genomic-based classification derived from array based comparative genomic hybridization (aCGH) identified this dichotomy and further subclassified h-MM and nh-MM as the major branches of the disease. 10 In addition, albeit with a small group of patients studied, the authors subdivided h-MM into those with chromosome 13 deletion and chromosome 1 abnormalities and those without them. Patients with h-MM and chromosome 13 deletions had a reported shorter survival. 10 In another larger series, the prognostic significance of chromosome 13 among h-MM was not apparent. More recently, the French group IFM did show that most of the prognostic value of h-MM was related to the gain of chromosome 5. 25 Within the h-MM, GEP can identify four recurrent groups associated with an NF-kB/anti-apoptosis signature, an interleukin-6/HGF signature, a cancer testis antigen signature and 'other'. 26 This classification has been validated in three separate cohorts of patients, and in one tested it discriminates patients with a shorter survival.
t(11;14)(q13;q32) and CCND3 translocations
Of all MM, 15% harbor t(11;14)(q13;q32), with consequent upregulation of cyclin D1. MM with t(11;14) is associated with CD20 expression, lymphoplasmacytic morphology, hyposecretory disease and l-light chain usage. 27, 28 The majority of all cases of IgM MM have been reported by one series to have t(11;14)(q13;q32) and one half of all cases of light chain amyloidosis harbor this same translocation. The translocation can be observed in MGUS, in which it results in nuclear cyclin D1 expression, and yet patients may remain stable without disease progression for decades. Although these clinicopathological features are not unique to t(11;14)(q13;q32) MM, the entity seems unique, even when it is neutral with regard to prognosis. 6, 29 In most series tested, t(11;14)(q13;q32) seem to be associated with a favorable outcome, but this effect is not strong enough to be statistically significant. The difficulty in establishing a favorable outcome for patients with t(11;14)(q13;q32) may relate to heterogeneity within patients with this genetic aberration. For instance, some cases of MM with t(11;14)(q13;q32) manifest with an aggressive phenotype such as plasma cell leukemia. The group from the University of Arkansas for Medical Science (UAMS) has identified two distinct subsets of t(11;14)(q13;q32) with different outcomes reported such that the global effect of t(11;14)(q13;q32) on prognosis remains neutral.
t(4;14)(p16;q32)
Several groups have shown that t(4;14)(p16;q32) and t(14;16)(q32;q23) are associated with poor survival, irrespective of the treatment modality. 6, 7 The t(4;14)(p16;q32) affects the most telomeric portion of chromosome 4 and is detectable only by FISH or reverse transcriptase-PCR 11, [30] [31] [32] . The consequence of the translocation is increased expression of FGFR3 and multiple myelom SET domain (MMSET). 31, 32 The translocation can be imbalanced with up to 25% losing the derivative chromosome 14 associated with the loss of FGFR3 expression 11 . Of immediate clinical application was the observation that patients with t(4;14)(p16;q32) have short-remission duration after high-dose chemotherapy with stem cell support. 6, 12, 33, 34 In some series, the median time to relapse is as short as 8 months after one high-dose therapy treatment, with patients becoming refractory to alkylators and steroids. 6, 12, 33, 34 Owing to this unmet medical need, new treatments that specifically target the translocations have been developed. One such compound is TKI-258, a small molecule inhibitor of FGFR3 with in vitro and xenograft animal model activity against t(4;14)(p16;q32) HMCLs. 16, 35 Studies are ongoing to evaluate the clinical worth of this compound. More recently, the prognostic value of the translocation has been challenged in series of patients treated with bortezomib.
14 In one study of patients treated with bortezomib, melphalan and prednisone, the translocation did not discriminate outcome among newly diagnosed cases, although the numbers are still small to reach definitive conclusions.
14 Some of the clincopathological features associated with the translocation include association with the use of IgA heavy chains, l-light chain usage and a very high prevalence of chromosome 13 abnormalities (deletions/monosomy). 6, 7, 11, 36, 37 Although the t(4;14)(p16;q32) is also observed in the premalignant stages of the disease, it seems to be less common in patients with MGUS and present more frequently in patients with smoldering multiple myeloma (SMM).
38,39 t(14;16)(q32;q23), other maf translocations, and 16q abnormalities
Translocations involving maf genes have been described in 5-7% of all MM cases. These translocations arise from IgH rearrangements involving a fragile site in chromosome 16. These translocations have also been associated with a higher frequency of chromosome 13 deletion, IgA isotype, and in at least two series, a more aggressive clinical outcome associated with C-maf translocations. 7 There are minimal data regarding the clinical implications of other maf translocations, but they would be predicted to have similar clinical outcomes as those of C-maf.
Secondary genetic events
Tumor clone development is believed to be a consequence of a multistep process that accumulates sequential genetic changes. 19 It has not been well defined in MM what the specific steps associated with disease progression are and what steps associate with the different cytogenetic subtypes. Some of the genetic abnormalities that seem to reflect progression include deletions at 17p13, chromosome 1 abnormalities (1p deletion and 1q amplification) and C-myc translocations. It is also likely that some of the best prognostic markers will come from the complete understanding of secondary (progression) events.
Chromosome 13 deletion and monosomy
We have recently reexamined the role of chromosome 13 as a biological factor versus a surrogate marker of aggressive disease. The field of MM genetics was invigorated first by the observation that cases with abnormal metaphase cytogenetics were associated with a shortened survival, and later by the observation that chromosome 13 deletions were also associated with a shorter survival. 7, [40] [41] [42] [43] [44] In the case of chromosome 13 abnormalities, they are detected in 50% of cases. [45] [46] [47] [48] Of all cases with chromosome 13 abnormalities, 85% constitute monosomy, SPOTLIGHT IMWG molecular classification of MM R Fonseca et al 2214 whereas the remaining 15% are interstitial deletions. [45] [46] [47] [48] There is no known difference in effect for prognosis for deletions versus monosomy. The prognostic significance for chromosome 13 likely emanates because of its close association with highrisk genetic features (for example, t(4;14)(p16;q32)). 6, 7, 49, 50 Chromosome 13 deletion is not significant in discriminating prognosis for non-hyperdiploid patients 50 and is not capable of distinguishing prognosis for hyperdiploid patients. 51 Its prognostic significance is thus now thought to be a surrogate of its association with nh-MM. Does that mean that chromosome 13 has no biological importance? 50 More and more data suggest a crucial role for chromosome 13 as prerequisite for clonal expansion for tumors; nearly 90% of cases with t(4;14)(p16;q32) will harbor chromosome 13 deletion.
45-48
Deletion of 17p13
The most important molecular cytogenetic factor for prognostication is the deletion of 17p13 (the locus for the tumorsuppressor gene, p53). 6, 7, 52 In all series tested, 17p13 deletions confer a very negative effect on survival. We and others have shown that patients with 17p13 deletions (mostly monoallelic) have an overall shorter survival, more aggressive disease, higher prevalence of extramedullary disease (such as plasmacytomas) and hypercalcemia. 6, 7, 52 Deletions of 17p13 predict for a short duration of response after HDT and involvement of the central nervous system. 53, 54 We have recently shown that extramedullary disease is likely a consequence of defective p53, as most cases of plasma cell leukemia (primary and secondary) have abnormalities in the p53. 55 In support of this we know that most, if not all, HMCLs have p53 functional deficiency (M Kuehl, personal communication). Our hypothesis is that PCs are indeed capable of surviving at extramedullary locations, but that they will usually undergo apoptosis in the presence of an intact p53 response. In support of this hypothesis a confirmatory study recently showed that p53 levels of gene expression are lower in cases with monoallelic deletions and that introduction of p53 back into the HMCLs induces apoptosis at high levels. 56 Most studies have shown a negative effect on the prognosis for patients with 17p13, something not even resolved by allogeneic stem cell transplant. 57 The overall complete remission (CR) rate was 50%, with no differences between the genetic abnormalities except for patients with del(17p13) who achieved less CR (7 versus 56%; P ¼ 0.001). For event-free survival, only age (hazard ratio 2.8; P ¼ 0.01) and del(17p13) (hazard ratio: 2.05; P ¼ 0.03) retained their negative prognostic value. It is worth commenting that chromosome 17 deletion is uncommon in MGUS.
Chromosome 1 abnormalities
Chromosome 1 abnormalities have long been known to be highly prevalent in MM. The majority of these abnormalities involve rearrangements located in the pericentromeric regions and frequently in the form of jumping translocations. Chromosome 1 abnormalities have been recently proposed as major prognostic factors for MM. 58 Regarding chromosome 1, it should be noted that 1q gain and 1p loss are so closely related that it is hard to provide differentiation. 8, 10, 59 We and others had previously reported that abnormalities of both the short and long arm of chromosome 1 were associated with shorter survival. 8, 60 In one study by Shaughnessy et al. 58 , they found and validated a gene expression signature for high-risk disease. This signature is enriched disproportionately for genes located in chromosome 1. This also builds on previous studies showing that chromosome 1 abnormalities are associated with an adverse outcome.
Although an initial search suggested that CKS1B might be the responsible gene for this association, other studies have failed to validate this notion. 61 Two recent series have failed to confirm the overriding negative prognostic association with chromosome 1 amplification detected by FISH. 6, 61 Although it is thus still unclear how chromosome 1 participates biologically in generating more aggressive clones, chromosome 1 abnormalities continue to emerge as regions important in establishing the prognosis of patients.
NF-kB activation
We and others have recently shown that, through multiple primary genetic mechanisms, there is constitutive activation of the NF-kB pathway in at least 50% of MM cases. 18, 62 This activation is a consequence of inactivation of suppressors (by either biallelic deletion of deletion/mutation combinations) or by hyperactivity as a consequence of amplification or chromosome translocations. The summary of the effects of this (epistatic mutations) is readily detectable by gene expression profiling. All of these aberrations ultimately result in increased processing of substrate and consequent NFB nuclear hyperactivity. These genetic events have not been fully positioned in the process of disease progression but likely are secondary genetic events as they transcend the primary genetic categories. One example of prediction is our aforementioned recent observation of noncanonical NF-kB activation in a subset of patients. We have found that the likelihood of responsiveness to bortezomib and sustainability of responses seem higher among patients who have intrinsic activation of this pathway. 18 In our study, those with low level of TRAF3 gene expression had a much higher likelihood of response to bortezomib (90%) as opposed to all others (30%).
Ras mutation
Other studies have shown an adverse outcome for patients with K-ras mutations, but not with N-ras mutations. 49, [63] [64] [65] [66] This is interesting as ras mutations cluster more among patients with t(11;14)(q13;q32), and are likely important factors for disease progression for this subtype. 65, 66 12p deletions
In a recent single nucleotide polymorphism array study, the IFM did show that deletions of the short arm of chromosome 12 occurred in about 12% of the patients and was associated with both a short event-free survival and short overall survival. The size of the deletions was variable, but the minimal deleted region was centered on the CD27 gene. Other studies have suggested that the low expression of CD27 was associated with a poor prognosis.
p16 methylation and inactivation of p18
The issue is less clear for p16 methylation. Although some original studies had suggested negative associations with prognosis, [67] [68] [69] [70] [71] [72] recent data on large data sets suggest that p16 methylation is prognostically neutral. 73 However, it has been recently found that a low transcription of the p16 gene measured by quantitative real-time PCR is associated with short survival, which suggests a possible impact of this gene in the MM pathogenesis, but with limited prognostic value.
74
SPOTLIGHT IMWG molecular classification of MMmiRNA Recent studies of microRNAs (miRNAs) show that they may also be important in the pathogenesis of MM. Pichiorri et al. 75 used miRNA microarrays and quantitative real-time PCR to profile miRNA expression in HMCLs (n ¼ 49), PCs from MM (n ¼ 16), MGUS (n ¼ 6) and normal donors (n ¼ 6). They identified expression of miR-21 (possibly blocking apoptosis in the early phases of clonal PC expansion), miR-106bB25 cluster, miR181a and b in MM and MGUS (otherwise not expressed in normal PCs). Two sets of mir genes were found as upregulated in MM but not in MGUS, miR-32 and miR-17-92. In another study, ectopic expression of mir-21 made a cell line become interleukin-6 independent. 76 Functional in vitro and subsequent xenograft experiments show that the postulated miRNA genes may have a significant role in the pathogenesis of MM through the reduction of P300/CBP-associates factor (PCAF) (a positive p53 regulator), by downregulation of suppression of cytokine signaling 1 (SOCS-1) and BCLZ like 11 (BIM).
16q abnormalities
A recent paper using single nucleotide polymorphism arrays lead to the conclusion that 16q abnormalities are also a recurrent and important genetic aberration in MM (20% of cases). 77 The region 16q is unique in that it frequently harbors both deletions, and leads to the postulation of WWOX as a putative tumor-suppressor gene in MM. 77 One study reported a 40% loss of hetreozygocity (LOH) of 16q, including deletion of the entire chromosome or the whole arm in 12 of 55 cases (22%), interstitial deletions in 7 of 55 cases (13%) and uniparental disomy (UPD) of the entire chromosome 16 or 16q in 4 of 55 cases (7%). 78 These studies need confirmation.
Prognostic classifications
Prognosis by specific genetic aberrations
Although it is now clear that much of the major prognostic variation of MM is dictated by primary genetic categories, secondary changes can also have a profound influence in outcome by providing clonal survival/proliferation advantages. Some of the basic genetic categories have not resulted (yet) in specific clinical outcome difference, yet define unique subtypes (for example, t(11;14)(q13;q32)). 6, 7 The clinical consequences of secondary genetic changes tend not to be related to the therapy administered. One possible way to define prognostic markers is that they associate with baseline features of aggressiveness (pathobiology) and they should exert their influence if patients are not treated (natural history) ( Table 1) . It is possible that these markers will also identify patients who are more likely to progress from the premalignant stages of the disease. In general, the effect on overall outcome for validated prognostic markers will be evident irrespective of treatment modality, even when the hazard ratios for their influence may vary. As one example, we cite the negative implications for outcome for the t(4;14)(p16;q32) as it identifies patients with shorter clinical benefit from standard and HDT (Table 1) . Although it seems that some of the prognostic ability can be challenged with novel agents, it is still too early to negate prognostication ability for t(4;14)(p16;q32) for patients receiving agents such as bortezomib. 79 The same negative effect for prognosis is evident for the t(14;16)(q32;q23), as two series using conventional therapy (the Eastern Cooperative Oncology Group) and HDT (UAMS) have shown the deleterious effect on survival. 3, 7 Minimal data are available regarding the other musculoaponeurotic fibrosarcoma (MAF) variants. Other prognostic markers exert effects across the major biological subtypes of MM. Some are well established, including the aforementioned effect of 17p13 in prognosis. 6, 7, 52 Gene expression profiling
Using high-throughput genomic tools is likely to unravel novel means of predicting patient outcome. A major effort at the University of Arkansas has identified a set of 70 genes (signature) capable of predicting high-risk MM. 58 The team further shows that a simplified list of 17 genes is capable of providing the same prognostic discrimination. 58 This last model discriminates with unprecedented ability 'high-risk' disease. This high-risk profile was indeed enriched for genes located in chromosome 1. The IFM also demonstrated in an independent series of 250 patients that a set of 15 genes was able to identify the patients with the poorest prognosis. It is possible that reverse transcriptase-PCR or immunohistochemistry-based strategies can be used to derive clinically applicable prognostication models for the disease. Other markers could include proliferation index by GEP, centrosome index by GEP and cancer testis antigens. 5, 51, 80 It is important to note that there is minimal overlap between the different proposed signatures. The ability of each one of these signatures to be used in different contexts of treatments and stages is still being validated. Furthermore, it is conceivable that novel GEP derived signatures could be developed in the future and that will better predict patient outcomes. This will also be important and relevant with further developments of anti-MM therapies.
aCGH prognostication
The availability of aCGH has provided new opportunities for the identification of new biomarkers capable of discerning prognosis. Two aforementioned studies have identified recurrent genetic aberrations associated with prognosis. A study by Carrasco et al. 10 found that patients could be divided into four subgroups (the two major branches being h-MM and nh-MM). Furthermore the h-MM could be divided into cases with chromosome 13 deletions and 1 abnormality, and they had a shorter survival. This study was small and needs confirmation. In another study, Avet-Loiseau et al. identified three recurrent abnormalities as predictive of outcome, gain of 1q, loss of 12p and gain of chromosome 5. Identification of biomarkers through aCGH is promising, as they can be easily converted to other diagnostic tools such as FISH. 25 
Diagnostic tests needed
Summary and technical aspects
We believe that a comprehensive cytogenetic evaluation should be carried out in all cases at the time of diagnosis in both the clinical and research trials ( Table 2 ). This paper has not focused as much on the technical aspects of detecting genetic aberrations and advantages or pitfalls of each technology, but rather on the importance of detecting each one of these categories. We believe that clinical testing at this point should include at a minimum interphase FISH in purified PCs or in combination with immunofluorescent detection of light chain-restricted PC cytoplasmic immunoglobulin enhanced FISH (cIg-FISH). 81 It is imperative that all FISH testing in MM incorporates one of these two strategies to improve on the rate of abnormality detection. It is common for the cytogenetics portion SPOTLIGHT IMWG molecular classification of MMof a bone marrow aspirate draw to be the last tube collected. Owing to this, hemodilution of the bone marrow aspirate will result in a lower concentration of PCs and this will reduce the yield even further. The two aforementioned methods are equally effective at selecting the cells to be studied and could be implemented more on the basis of laboratory experience. Selection of cells has been more commonly used in Europe, whereas cIg-FISH is now performed by at least two reference laboratories in the United States.
Clinical testing
At a bare minimum, a FISH panel for MM should include testing for t(4;14)(p16;q32), t(14;16)(q32;q23) and -17p13 ( Table 2) . These three probes have been proposed by one group and have been used by others in the stratification of cases into high-and standard-risk disease.
The expansion of this panel to other probes may be desirable as it provides a more comprehensive assessment of the disease biology, clinical features and likely outcome. Among these are those that identify 1q amplification, 1p deletions and others. Those additional markers emanating from the aCGH analysis, such as loss of 12p and gain of chromosome 5, could also be converted to FISH strategies (Table 2 ). Other markers include t(11;14)(q13;q32) (see below), hyperdiploidy and IgH translocations, not otherwise specified. Although chromosome 13 alone is no longer considered a strong prognostic indicator, and hence could be abandoned, its use in combination with other variables (such as the b 2 -microglobulin or others) results in effective segregation of cases into the high-risk category.
The t(11;14)(q13;q32) deserves special attention as it is at a very high frequency in cases of light chain amyloidosis (B35-50%) 82, 83 and almost universal in cases of IgM MM (>90%). 84 Detection of this translocation in a patient with monoclonal IgM strongly supports the diagnosis of IgM myeloma, as the clonal cells in patients with wladenstrom macroglobulinemia (WM) almost never harbor IgH translocations. 85 Patients with t(11;14)(q13;q32) MM can have lymphoplasmacytic morphology, occasionally creating diagnostic confusion and also have a higher rate of CD20 expression. 28 The frequency of testing is not well defined (Tables 1 and 2) . It is now accepted that the major genetic subtypes of the disease will not change over time. However, genetic progression events are likely to arise with additional follow-up of cases and repeat testing may be desirable. Two examples are testing for -17p13 and chromosome 1 amplification, and probably chromosome 13 too. The repeat testing for other markers is not defined yet. The utilization of FISH strategies for determination of minimal residual disease is not validated yet at the clinical level.
Clinical trial testing
The aforementioned testing should be considered in all ongoing and future clinical trials (Tables 1 and 2 ). Trials that will be based on the targeting of specific genetic abnormalities need accurate determination of such subgroups and adequate clinical testing is needed. It should be considered mandatory that for demographic description of patients in future clinical trials, the table describing the cohort contains descriptors of the genetic subtypes of patients studied.
It is highly desirable to incorporate gene expression profiling into the correlative science of ongoing clinical trials. Likewise, as new technology emerges, the incorporation of other highthroughput platforms such as aCGH and exon gene expression profiling should be considered. The power of gene expression profiling has already been exploited at some centers for the selection of therapy for patients for different treatment algorithms. The introduction of new predictive markers (such as those for bortezomib sensitivity) is also highly desirable for all future clinical trials.
Summary and consensus recommendations
International MM working genetic classification
We recommend that the following working genetic classification (Table 5 ) be adopted until further elucidation of the pathogenesis of other subtypes of MM is provided.
If clinical testing for GEP existed, all (most) of these categories could be also identified. There is significant overlap between the translocations and cyclin d (TC) classification and the UAMS molecular classification (Table 4 ), but there is excellent concordance for the MS and MF group corresponding to the 4p16 and Maf groups, respectively, with 100% concordance. There is still good but imperfect concordance (88%) for the CD-1 and CD-2 groups together corresponding to the 11q13 and 6p21 groups. If one joins the TC D1 and D1 þ D2 groups, there is 96% concordance with the HY group. Significantly, overlap is also seen between the D2 cases and LB from UAMS. As mentioned before, the PR group seems to encompass many of the other genetic subtypes that have acquired secondary genetic events.
Testing recommendation
We recommend that at a minimum baseline genetic information should be obtained in all MM cases. Although many centers continue to collect karyotypes as an important predictor of The utility of this information is both at the biological subtype determination, as well as prognostic recommendations based on the minimal panel for testing. As new prognostic markers emerge from ongoing aCGH studies, new markers may be added to these screening panels.
SPOTLIGHT
GEP profiling: classification and prognosis
Our group also recognizes that the greatest prognostic ability for MM resides in the comprehensive analysis of GEP. At a minimum, all clinical trials should consider incorporation of GEP into the correlative science studies to identify subgroups of high-risk disease. We also propose that methodology to include GEP into the clinical testing is urgently needed and methods for implementation should be identified. Alternatively, conversion of GEP signature profiles into other routine clinical diagnostic tools is also likely to lead to rapid conversion of these prognostic signatures into widely available clinical tests.
